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Solution of a Protein Crystal Structure with a Model
Obtained from NMR Interproton Distance Restraints

AxXEL T. BRUNGER, ROBERT L. CAMPBELL, G. MARIUS CLORE,
ANGELA M. GRONENBORN, MARTIN KARPLUS, GREGORY A. PETSKO,

MARTHA M. TEETER

Model calculations were performed to test the possibility of solving crystal structures
of proteins by Patterson search techniques with three-dimensional structures obtained
from nuclear magnetic resonance (NMR) interproton distance restraints. Structures
for crambin obtained from simulated NMR data were used as the test system; the root-
mean-square deviations of the NMR structures from the x-ray structure were 1.5 to
2.2 A for backbone atoms and 2.0 to 2.8 A for side-chain atoms. Patterson searches
were made to determine the orientation and position of the NMR structures in the
unit cell. The correct solution was obtained by comparing the rotation function results
of several of the NMR structures and the average structure derived from them.
Conventional refinement techniques reduced the R factor from 0.43 at 4 A resolution
to 0.27 at 2 A resolution without inclusion of water molecules. The partially refined
structure has root-mean-square backbone and side-chain atom deviations from the x-

ray structure of 0.5 and 1.3 A, respectively.

N PROTEIN CRYSTALLOGRAPHY, THE
initial determination of phases by multi-
ple isomorphous replacement may be

difficult because heavy-atom derivatives of

the crystal are not available. If the structure
of a similar or homologous molecule is
known, the “molecular replacement meth-
od” (1-3) can be tried for the initial phasing.
It involves the rotation and translation of
the known structure in the unit cell of the
target crystal to obtain the best match be-
tween the Patterson function calculated
from the model and that from the observed
diffraction data. The optimally oriented and
translated model structure is used to begin
conventional x-ray crystallographic refine-
ment; this approach may or may not succeed
(1-3). Criteria for determining when the
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molecular replacement method should work
are available only for specific cases (3).
With the use of nuclear magnetic reso-
nance (NMR) techniques (4, 5) a large
number of approximate interproton dis-
tances for certain proteins (up to 80 resi-
dues) can be obtained (6, 7) and used to
build three-dimensional structural models.
Because of the limitations on the number
and the range (only <5 A) of these dis-
tances, the NMR data must be complement-
ed with information about covalent struc-
ture (derived from bond lengths, bond an-
gles, and dihedral angles) and internal pack-
ing requirements (derived from van der
Waals repulsions). Restrained molecular
dynamics, in which the energy function is
augmented by effective potentials obtained

from interproton distances (8-10), can add
sufficient information to determine the solu-
tion structure of a protein. The method has
been shown to yield converged structures
with root-mean-square (rms) deviations
from the x-ray structure of 1.5 to 3.0 A (9,
10). Similar results have been obtained with
distance geometry algorithms (11, 12). Re-
cently the structure of the a-amylase inhibi-
tor tendamistat has been solved indepen-
dently by x-ray crystallography and NMR
spectroscopy (13, 14); a comparison of the
two structures indicates reasonable agree-
ment.

We show in this report that structures
obtained for a protein in solution with
NMR data can be used to solve the crystal
structure of the same protein by molecular
replacement (I1-3). As a test we use crambin
(15), a protein of 46 residues, for which
NMR structures with simulated data have
been obtained (9, 10). We show that the
individual NMR structures are not suffi-
ciently accurate to solve the rotation and
translation functions uniquely. Use of the
refined x-ray structure itself as a model
demonstrates that crambin is a difficult case
for the molecular replacement method. We
obtained the correct solution when we av-
eraged over an ensemble of NMR structures
or used the average structure derived from
them. We demonstrate that the averaged
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Table 1. Atomic rms differences between the
NMR structures and the x-ray structure.

Atomic rms difference (A)

NMR
structure Backbone Side chain
s, 1.4 22
S 15 22
s 2.0 26
s 18 2.7
5t 15 22
Sw L1 14

NMR structure can be used in the molecular
replacement method and converges to the
refined crystal structure when standard
model building and refinement techniques
are employed.

Five NMR structures were taken from a
previous study with simulated data (9, 10).
The five structures S; to Ss [RDII’, RDIB’,
RDIC’, RDID’, RDIE' in (10)] were ob-
tained from a number of initial structures
(that included a totally unfolded polypep-
tide chain) by restrained molecular dynamics
that incorporated NMR interproton dis-
tance restraints and the three disulfide
bridges present in crambin. The latter were
necessary because the strong scattering of
the sulfur atoms has a large influence on the

Fig. 1. Best fit of the superposition of the Ca atoms of NMR-restrained dynamics structures (thin lines)

on the x-ray structure (thick lines).

Patterson function; in the convergence of
NMR structures, the disulfide bridges do
not play an important role. The five struc-
tures were obtained with different molecular
dynamics protocols. To facilitate compari-
sons, structures S, to Ss were superimposed
on §; with the rigid body least-squares
method (16); only Ca atoms were consid-
ered. The coordinates of the superimposed
structures (S; to Ss) were averaged and the
resulting structure was subjected to energy
minimization to improve the stereochemis-
try and to relax bad nonbonded contacts
(10); we call this structure S. The 1.5 A
resolution crambin x-ray structure (15),

Table 2. List of five largest peaks in rotation and translation search. The Eulerian angles [(8;, 65,
03) = RF] are listed for the rotation function where RF is the value of the rotation function scaled to the
smallest (RF = 0.0) and largest (RF = 100.0) peak. The intermolecular distance vectors [(x,2) = TF]
are listed for the translation function, where TF is the value of the translation function scaled to the
smallest (TF = 0.0) and largest (TF = 100.0) peak and x,z are in fractional units multiplied by 100.
The mean and standard deviation o are computed over all peaks. The correct peak is marked by an

asterisk.

RE(S))
(129,70,268) = 100
(199,60,217) = 96

RE(S,)
(255,80,300) = 100
( 74,80,299) = 89

( 23,60,212) = 95 (139,40, 52) = 89
(208,60,207) = 92 ( 63,50,331) = 86
(19,20322) = 91 (316,40, 55) = 86
mean = 37, ¢ = 13 mean = 38, o = 14
REF(Ss) RF(S)

( 24,50,200) = 100 (306,80,201) = 100*
(301,90,203) = 99  (192,80,207) = 95
(115,70,186) = 98  (145,60,144) = 94

(300,80,195) = 97  (143,60,143) = 93

(307.80,187) = 95  ( 97,40,254) = 93
mean = 42, ¢ = 14 mean = 44, 0 = 14
TE(S)) TF(S:)

( 7, 79) =100 ( 84, 13) = 100
( 10, 84) = 97 ( 86, 13) = 95
( 7, 84)= 97 ( 5,75)= 95
(10, 79) = 91 (84, 9)= 9%
( 2, 3)= 91 (98, 26)= 93
mean =52, ¢ = 18 mean = 49, o = 18
TE(Ss) TF(Sw)

( 46, 26) = 100 ( 46, 57) = 100*
( 48, 26) = 99 ( 43, 57) = 96
( 46, 31) = 93 ( 46, 62) = 92
( 48, 22) = 91 ( 43, 62) = 89
( 46, 57) = 89* ( 48, 57)= 84

mean = 50, ¢ = 18 mean = 42, ¢ = 15

RF(Ss)
(128,80, 68) = 100
(170,80, 65) = 99

RF(S4)
(320,70,184) = 100
(335,70,182) = 99

(49,90, 7)= 95 (100,70,188) = 96
(228,80,288) = 94 (329,70,176) = 94
(176,80, 71) = 94 (326,70,190) = 93
mean = 41, o = 14 mean = 39, ¢ = 13
<R'F(Sl)> RF(Sx-ray)
(105,90, 7) =100 (306,80,201) = 100*
( 35,50,188) = 100 (300,80,195) = 87
(243,70,141) = 99 (260,80,170) = 86
(306,80,201) = 98*  (270,80,285) = 83

( 10,80,190) = 96
mean = 46, o = 14

(260,50,298) = 83
mean = 36, ¢ = 14

TE(Sy) TF(S4)
(100, 79) = 100 ( 46, 57) = 100*
( 0,79 = 98 (94, 13)= 97
( 2,79 = 98 (98, 0)= 96
( 0,75 = 95 ( 98,100) = 95
(98, 75) = 94 (94, 18) = 93

mean = 43, o = 16 mean = 50, ¢ = 19
(TE(Sy) TF(Sx-ray)
( 46, 57) = 100* ( 46, 57) = 100*
( 46, 62) = 99 (43, 62) = 99
( 43, 62) = 94 ( 46, 62) = 98
(43, 57)= 92 ( 43, 57)= 97
(48, 62) = 88 (41, 62)= 78

mean = 45, ¢ = 18 mean = 36,0 = 14
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which served as a control, was also superim-
posed on the NMR structure S;; we call this
structure Sy.,,. The ensemble of superim-
posed structures (S; to Ss and Syray) is
shown in Fig. 1; the rms differences of S, to
Ss and S;, with respect to Sy.ray are listed in
Table 1. Each NMR structure S; explores a
somewhat different region in the neighbor-
hood of the x-ray structure; each is closer to
the x-ray structure than to any of the other
structures (9, 10). The averaged structure is
closer to the x-ray structure than any of the
NMR structures (Table 1).

The rotation search is based on the com-
parison of Patterson functions

PAT(r) =

v % \F (ki) 2 exp[—2mi(hx + ky + Iz)]
’ (1)

from a model structure and a crystal struc-
ture, where |F(bkl)| are the observed or
calculated structure factor amplitudes at re-
ciprocal lattice points kkl. The Patterson
function for the model structure, PAT}, and
the observed reflection data, PAT),, can be
computed without phase information. The
rotation function RF()) that evaluates the
agreement between PAT, and PAT; is de-
fined by (17)

RF(Q) = [ PAT, (r) PAT; (Qr) 4V (2)

where ) is an operator that rotates the
coordinate system of PAT, with respect to
PAT,. Because RF(Q)) depends only on
intramolecular distance vectors of PAT), it
is possible to first determine the rotational
orientation of the molecule by maximizing
Eq. 2 as a function of ), and to then
determine the relative translational position
of the molecule with respect to the symme-
try-related molecules in the unit cell.

The NMR structures were embedded in a
cubic unit cell with P1 symmetry, 100 A in
size, so that the largest intramolecular dis-
tance vector (30 :f) is smaller than any
intermolecular distance vector; the center of
mass of the molecule was placed at the
origin. As the crambin crystal symmetry is
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monoclinic P2y, b-axis unique, the symme-
try of the rotation function is Pbn2, (18).
The rotation search can therefore be restrict-
ed to the asymmetric unit (6; = 0. .. 360°,
6,=0...90° 6;=0...360° in Euler-
ian angle space (01, 62, 63). The symmetry-
related molecule is then located at (-6,
7 — 0, ™ + 03). The search was carried out
in [0, =0; + 03, 6, 6_ = 6; — 03] space,
which ensures a homogenous angle density
distribution (19, 20).

As a control and to establish the optimum
parameters for the rotation function search
we computed the rotation function of Sy ray.
The five largest peaks of the rotation func-
tion for Sy.ray are listed in Table 2; a 6,
section of the rotation function through the
largest peak (6, = 306°, 6, = 80°, 6; =
201°) is shown in Fig. 2A. The largest peak
corresponds to the correct orientation of
the structure.

The parameters of the rotation search
(number of reflections, resolution range,
treatment of the Patterson origin, B factors
of the model structure, and which atoms
were included in the model structure) were
varied systematically. Optimal results
(shown in Table 2 and Fig. 2A) were ob-
tained with the largest 30% of all measured
crystal intensities from 10 to 5 A resolution,
the B factors of all atoms set to 8.0, and the
original Patterson origin. Similar conditions
have led to solutions of protein crystal struc-
tures by the molecular replacement method
(1-3). Even when the x-ray structure was
the model, the rotation function failed to
produce the correct orientation unless all
nonhydrogen atoms were included in the
calculation of the model Patterson func-
tion. This contrasts with other successful
applications of the method where backbone
atoms and B-carbons sufficed (1-3). Use of
only backbone atoms plus B-carbons had
been attempted because these coordinates
were predicted most accurately by the
NMR-restrained dynamics (Table 1).

Even when optimum conditions were
used in the Sy..y control calculation, the
largest peak was only one standard deviation
(a) level above other erroneous peaks in the
rotation function. This shows that crambin
is a difficult system for the molecular re-
placement method, probably because of
crystal packing and the high content of
ordered solvent in the crystal lattice.

None of the NMR structures S; to Ss
produced the correct orientation (6, =
306°, 8, = 80° 6; = 201°) in the rotation
search (Table 2); indeed, the correct orienta-
tion (within 5° for all three angles) is not
even among the five largest peaks. However,
~ the regularized average structure S, yielded

the correct result (Table 2 and Fig. 2B). The
correct peak of the rotation function for S
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RF(x-ray) RF(S_;.) <RF(Sj)>
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Fig. 2. Sections at 8, = 80° through the crambin rotation function; in (A) the x-ray structure and in (B)
the averaged NMR structure S, is used; in (C) the average of the rotation functions of the NMR
structures S; is plotted; contour levels are at o, 20, 30, and 4.

is only 1/2 o above the other peaks. To
confirm the result with an alternative meth-
od, the rotation functions from the different
NMR structures were averaged:

5
(RE(S)) =155 2 RES)  (3)
This procedure produced a peak at the cor-
rect orientation with different and equally
large error peaks (Table 2); however, the
error peaks are weighted differently. This is
apparent in the 6, sections plotted for the
two averaging possibilities in Fig. 2, B and
C. The correct peak at 6, = 501°
6_ = 105° is somewhat broader in (RF(S;))
than it is in RF(S ;). The pattern in Fig. 2, B

and C, is similar to the pattern observed in
Fig. 2A for the x-ray structure, but the error
peaks have smaller weights in case of the x-
ray structure.

To increase the precision of the solution
of the rotation function, a fine-grid search
was carried out with RF(S;) around the
correct peak (8; = 306°, 0, = 80°, 6; =
201°) in 1° steps for 6,. This yielded a
maximum at (6, = 306.5°, 6, = 78°, 6; =
196.5°) that corresponds to a 4° misorienta-
tion around the axis (x=0.75 A,
y=-029 A, 2=-0.59 A) in real space
with regard to the correctly oriented x-ray
structure. We took the rotation function
search to be solved at this point; all struc-

TF(x-ray) TF(S, j5) <TF(Sj)>
1.0 ST T T T T T TV T
A . .. B ..C
08 4E A : s
o 1B AL : 4
. vl . 1A
wl S il F
R 2 NG
1 e | :' _.' 3 .'J.:
0.4 L N -1 — . 0<: -
L. A . HARE 1\,. . )
02 & - - AT HASE ]
N E L
0.0 A ! TR | - | la L
0.2 0.5 0.8 0.2 0.5 0.8 0.2 05 0.8
X X X

Fig. 3. Sections at y = 1/2 through the crambin translation function: in (A) the x-ray structure and in
(B) the averaged NMR structure S, is used; in (C) the average of the translation functions of the NMR
structures S; is plotted. All structures were oriented in the same manner as the optimal solution of the
rotation function. Contour levels are at o, 20, 30, and 40.
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tures (S;, S¢, and Sy.ray) Were rotated in this
direction.

To determine the position of the molecule
in the unit cell, we used the translation
function of Crowther and Blow (21):

TF = % {Fops(BkI)? = [Eeac(bkl)? +

Fcalc(zki)z]} X Fcalc(hkl)F*calc(Ekl_)

exp[—2mi(hx + ky + Iz)] (4)
where |Fops(bkl)| are the observed struc-
ture factor amplitudes and Fe,c(bkl) and
Feac(bkl) (h = —hand [ = —I) are the calcu-
lated structure factors of the model structure
and its symmetry mate, and F¥ o (bkl) is the
complex conjugate of Fyc(4kl). The transla-
tion function TF describes the overlap of the
intermolecular distance vectors between the
two symmetry-related molecules in space
group P2;. This implies that the relative y-
component is a constant at one-half the &
axial length. Therefore, the search for a
maximum of TF needed be done only in
X,% space.

A control calculation with the x-ray struc-
ture was performed (Table 2 and Fig. 3A).
We included all x-ray data between 10 and 4
A resolution and computed the Fourier
transform of the all-heavy-atom models to 4
A resolution with the B factors set equal to
8.0; the grid size for the search was 1.0 A.

The results of the translation search for
the NMR structures (Table 2 and Fig. 3)
closely resemble those for the rotation
search; that is, the average NMR structure
TF(S), the average of the translation func-
tions of the NMR structures (TF(S;)) and
the x-ray structure produced the same prom-
inent and correct peak at (x = 0.46,
z = 0.57) in fractional units; only S4 and Ss
produce the correct peak within one o be-
low the maximum peak. Furthermore, the

N
—
1

Root-mean-square difference (A)

o

30 45
Residue number

o
-
o

Fig. 4. Atomic rms difference from the x-ray
structure for backbone (—) and side-chain (@)
atoms for the structure after stage 7 of the refine-
ment (see Table 3) as a function of residue
number.

correct peak is broader; the weights for the
error peaks are different for (TF(S;)) and
TF(Sy).

A fine-grid search of the translation func-
tion around the point x = 0.46, y = 0.57
with TF(S;) yielded an optimum at (x =
0.448, z = 0.588) in fractional units. All
structures were then translated according to
the TF(S;) solution, which corresponds to
a displacement of (x = —0.05 A,z = 0.1 A)
in real space with regard to the correctly
positioned x-ray structure. This completed
the determination of the position and orien-
tation of the NMR structures.

The final stages of the solution of the
protein crystal structure involved repeated
cycles of refinement and model building to
minimize the R factor

R = Z ”F()bs, - |Fcalc”/ z ,Fobsl (5>
bkl bkl

The various stages of the refinement process
are summarized in Table 3. The average
NMR structure S, was oriented and posi-
tioned according to the rotation and transla-
tion function results, which yielded an R

Table 3. Stages of refinement and model building. The different stages can be described as follows.
Stage 1 involved rotation and translation of the molecule as a rigid body. Stage 2 involved 20 cycles of
the program ROTLSQ (obtained from W. Hendrickson; parameters were: B = 8.0; 10 to 4 A
resolution; affiy = 100; &fsig = 0). Stage 3 involved 6, 13, and 14 cycles of the program PROLSQ (25)
(parameters were: B = 8.0; low resolution limit, 10 A; afsig = 100; bfiig = 0) at resolutions of 4, 3,
and 2 A, respectively. Stage 4 involved rebuilding of the model with program FRODO (26, 27),
followed by 10 cycles of program PROLSQ with B = 8.0 and 10 additional cycles with B factor
refinement. Stages 5 through 7 involved model rebuilding with program FRODO followed by 10
cycles of B factor refinement with program PROLSQ. N represents the number of distances that deviate
by more than lo. Ej, is calculated from bond lengths, bond angles, dihedral angles, and improper
torsional angle energies with the CHARMM program (28).

R Resolution

rms difference (A)

Stage N Ei,

8 factor (A) Backbone Side chain '
1 0.45 4 11 1.4 119 363
2 0.43 4 11 14 119 363
3 0.38 2 0.9 1.3 408 2244
4 0.32 2 0.8 1.4 351 1682
5 0.31 2 0.7 1.3 305 1573
6 0.30 2 0.5 1.2 251 1218
7 0.27 2 0.3 1.1 186 1058
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factor of 0.45 at 4 A resolution. In stage 1
only the orientation and position of the
molecule were refined; the radius of conver-
gence of this method is 5° in orientation and
1 A in position (22). This rigid body refine-
ment reduced the misorientation to about
1° and the displacement vector to (x = 0.02
A, 2= -0.04 A). Stages 2 and 3 involved
restrained least-squares refinement with data
of successively higher resolution, which low-
ered the R factor to 0.38. There was no
human intervention that could have biased
the results.

Inspection of the (2F gbs — Fcalc) map cal-
culated after stage 3 showed that the region
that involved residues 35 to 40 required the
most rebuilding, because some atoms were
not in electron density at 1o and the elec-
tron density was somewhat fragmented.
This is not surprising; comparison of the
NMR structures with the x-ray structure in
Fig. 1 reveals backbone deviations between
2 to 3 A for residues 35 through 40. Most
other regions of the molecule showed good
density. Difference maps (Fops — Fcaic) Were
computed and the molecule was partially
rebuilt. Three additional cycles of model
building and refinement, during which the
conformations of several side chains were
modified, yielded an R factor of 0.27 at 2 A
resolution. Density now appeared that could
be interpreted as ordered water.

The refinement was continued until fur-
ther refinement at higher resolution would
be straightforward. No attempt was made to
include water molecules in the refinement,
although the ordered solvent structure is an
essential part of the crambin crystal (23).
Note that the R factor of the published x-ray
structure is 0.25 at 2 A when all water
molecules are omitted in the computation of
the calculated structure factors.

The deviation of the refined S, structure
from the x-ray structure is 0.5 Aand 1.3A
for backbone and side-chain atoms, respec-
tively. The atomic rms differences as a func-
tion of residue number are shown in Fig. 4.
The atoms that deviate by more than 2 A
are: Ile’ Cy,, C3; Val® Cy,; Glu® Oe,; 1le?
C3; Cys* O; Ile** Cyy, C8; Ile** C3; Tle*
CB, Cyy, Cy,, C3, O; Thr* O; Pro*! O. For
some of these (Ile’ and Ile?*) conformation-
al or compositional heterogeneity has been
reported (15). Further, the temperature fac-
tors for residues 35 through 40 in the x-ray
structure are larger than those of the rest of
the molecule (15). We considered the refine-
ment as completed for the purposes of the
model study. It has been demonstrated that
the average NMR structure can be refined to
an R factor of 0.29 at 2 A resolution with-
out manual rebuilding by a new crystallo-
graphic refinement method that uses molec-
ular dynamics (24).
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Isolation of an Olfactory cDNA: Similarity to
Retinol-Binding Protein Suggests a Role in Olfaction

Kyu-Ho LEg, REBEccA G. WELLS, RANDALL R. REED

Molecular cloning techniques were used to isolate and characterize a protein possibly
involved in the signal transducing system in olfactory tissue of the frog Rana pipiens. A
complementary DNA library was constructed with messenger RNA obtained from
frog olfactory neuroepithelium. A 700—base pair complementary DNA clone encoding
a protein with a molecular weight of 20,300 was identified by differential hybridiza-
tion analysis with polyadenylated RNA from olfactory epithelium and nonsensory
respiratory epithelium. The messenger RNA corresponding to this clone was abundant
in the cells of Bowman’s glands in olfactory tissue but not in respiratory epithelium
nor in several other tissues. The predicted sequence of this protein is homologous to
members of a family of proteins that bind and transport small molecules in serum,
suggesting that this protein may also bind and transport odorants in the mucus

secreted by Bowman’s glands.

HE PRIMARY EVENTS OF THE OLFAC-

tory response—odorant recognition

and signal transduction—occur in
the receptor neurons of the olfactory neuro-
epithelium. The apical processes of these
bipolar neurons lie at the luminal surface of
the tissue and are covered with long cilia (1).
The mucosal layer contains two other cell
types—supporting cells and neuroblast-like
progenitor- basal cells from which mature
neurons continually differentiate. In the sub-
mucosa just beneath the basal lamina are the
Bowman’s glands, which secrete the mucus
that bathes the olfactory cilia. This mucous
layer is thought to play a major role in the
solubilization and concentration of airborne
odorants (2).

Transduction appears to be mediated by
odorant-specific protein receptors in the cili-
ary membranes (1), and several investigators
have identified specific odorant-binding ac-
tivities in olfactory tissue extracts (3-5).
However, purified molecular components of
the transduction system have yet to be fully
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characterized and their activities correlated
with actual signal transduction in olfactory
neurons.

We have used molecular cloning tech-
niques (6, 7) to isolate and characterize
individual products specific for olfactory tis-
sue. We constructed a complementary DNA
(cDNA) library of approximately 4500
clones using polyadenylated [poly(A)™]
messenger RNA (mRNA) obtained from
olfactory mucosa of the frog Rana pipiens.
Approximately 10% of 2400 clones
screened were olfactory-specific; that is, they
showed strong hybridization to a probe
derived from olfactory mRNA, and weak to
negligible hybridization to an mRNA probe
derived from respiratory epithelium. The six
clones that showed the most intense olfac-
tory-specific hybridization were studied fur-
ther by restriction mapping and nucleotide
sequencing. Analysis with various combina-
tions of restriction enzymes indicated that
five of the six clones had similar restriction
maps.

Analysis of the nucleotide sequence of
both strands of clone 5B5, the longest of the
five similar clones, revealed a single long
open reading frame putatively encoding a
182—-amino acid protein with a predicted
molecular size of 20.3 kD (Fig. 1). The
sequence contained no consensus N-linked
glycosylation signal sites but had a single
13—amino acid hydrophobic region at the
amino terminus, similar to the signal se-
quence of many secreted proteins. Hybrid-
ization analysis of total RNA from various
tissues with an M13 strand-specific probe
containing the central Pst I-Hind III frag-
ment from the 5B5 coding region indicated
that the approximately 850-base message
represented by this cloned cDNA was pro-
duced in large quantity in the frog olfactory
neuroepithelium but not detectable in frog
brain, liver, or respiratory tissue (Fig. 2A).

The predicted properties of the 20.3-kD
secreted protein that was specific for olfac-
tory tissue coincided with those of a soluble
protein of approximately 20 kD observed in
extracts of olfactory tissue (Fig. 2B). This
protein, not present in extracts of respira-
tory tissue, was also seen when total RNA
from olfactory epithelium from frog was
analyzed in a rabbit reticulocyte lysate in
vitro translation system (Fig. 2C).

To demonstrate that this protein corre-
sponded to the product of the olfactory-
specific mRNA we had examined, we at-
tempted to specifically arrest the translation
of this species in vitro (Fig. 2C). Addition
to the translation reaction of SP6-tran-
scribed RNA complementary to the message
specifically blocked the translation of the 20-
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